In this paper we present a new method to achieve quantitative phase contrast imaging in Digital Holographic Microscopy (DHM) that allows to compensate for phase aberrations and image distortion by recording of a single reference hologram. We demonstrate that in particular cases in which the studied specimen does not have abrupt edges, the specimen's hologram itself can be used as reference hologram. We show that image distortion and phase aberrations introduced by a lens ball used as microscope objective are completely suppressed with our method. Finally the concept of self-conjugated reference hologram is applied on a biological sample (Trypanosoma Brucei) to maintain a spatial phase noise level under 3 degrees.
Abstract:
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Introduction
Digital Holographic Microscopy (DHM) is a powerful technique for real-time quantitative phase contrast imaging, since a single intensity image, called hologram, allows the reconstruction of the phase shift induced by a specimen. Furthermore, the digital approach of holography permits through numerical processing of the hologram to filter out parasitic interferences, zero-order and twin image terms [1] or to compensate for curvature introduced by Microscope Objective (MO) [2, 3, 4] , spherical aberration [5] , astigmatism [6] , anamorphism [7] . In recent papers, we presented the concept of numerical parametric lenses (NPL) placed in the reconstruction plane [8] and/or hologram plane [9] that allows with simple automatic procedures to correct shifting, magnification and full aberration. In this paper, we introduce the concept of Reference Conjugated Hologram (RCH), taking as a starting point the works of Ward and Upatnieks in Refs. [10, 11] . RCH allows a calibration of the DHM setup via phase aberrations and image distortion compensation without needing iterative procedures to adjust parameters. Furthermore we demonstrate, in the case of a setup presenting reduced aberrations, that the specimen's hologram itself can be defined as Self-Reference Conjugated Hologram (Self-RCH) for a specimen without abrupt edges. Figure 1 presents typical DHM setups in transmission (a) or reflection (b) configurations. The architecture is based on a modified Mach-Zehnder interferometer. A MO collects the wave transmitted through or reflected by the specimen, produces an object wave O forming a magnified image of the specimen at a distance d ∼ = 5 cm behind the CCD camera. A lens or a similar MO [12] could be introduced in the reference arm (RL) allowing to obtain reference and object waves with similar curvatures in the CCD plane. To illustrate the aberrations correction method, we introduce a lens ball (Edmund lens ball SF8 of 2 mm diameter n = 1.689) as a non-corrected MO and a field lens between the beam splitter and the CCD in the transmission configuration [ Fig. 1(a) ] to produce strong aberrations (Fig. 2) . A liquid index (n = 1.6) is used as immersion liquid. The sample is a USAF test target.
Principle
At the exit of the interferometer, the interference between the reference and object waves produces a NxN pixels hologram digitalized by the CCD camera:
where k,l are integers defining the position of the hologram pixels. The two first terms form the zero-order term, the third and fourth terms are respectively the virtual and real image terms.
Examples of holograms and their respective spectra (zero-order term is already filtered) are presented in Fig. 2 (a) (c) Fig. 2 . 256x256 pixels area of 512x512 pixels holograms and spectra with lens ball as MO, the zero-order term is already filtered out; (a,b) are respectively the hologram with and without the USAF test target; (c,d) are the corresponding spectra. The white lines show the spectrum area of the virtual image that is retained after manual spatial filtering.
Usually, the reference and object wave are assumed to be plane or spherical waves. We assume here that the specimen introduces only a phase delay ϕ(x, y) resulting from a height difference of the specimen in reflection configuration or from a refractive index or/and thickness difference in transmission configuration. Let us define here more generally perfect plane reference and object waves (the same reasoning can be applied to spherical waves) and a third wave O 0 , corresponding to the object wave without presence of specimen, by adding the phase aberrations terms W R and W O 0 that are the phase difference between perfect plane (or spherical) waves and physical waves (corresponding for instance to defocus aberration, spherical aberration, astigmatism, and so on):
where k x , k y define the propagation direction associated to the angle θ defined in Fig. 1(c) . In principle, phase aberrations are converted, at least partially, into amplitude aberrations during optical propagation, producing image distortion. Here, the small physical propagation of light between the MO and the CCD plane (few centimeters) and the assumption of small aberration coefficients allow to neglect the image distortion in the CCD plane. Therefore, we assume that there are only phase aberrations in the hologram plane.
The reconstructed wavefront Ψ of the virtual image is computed by multiplying the digital hologram by a digital reference wave R D and by computing numerically the wave front at a distance d. This propagation can be achieved using the Single Fourier Transform Formulation (SFTF) or the Convolution Formulation (CF) (See Ref. [9] for details). To simplify the notation, the reconstructed wavefront is presented using CF without loosing generality:
where, DFT is the Discrete Fourier Transform and DFT −1 , the inverse DFT; m, n, k, l
λ , the wavelength; ν k = k/(NΔx), ν l = l/(NΔy) are the coordinates in the spatial frequencies.
Generally the digital reference wave R D is assumed to be a normalized plane wave given by:
Let us define a more general formulation of the reconstruction in CF by replacing R D with a complex numbers array Γ H RCH (the same can be done for SFTF) and by replacing the specimen hologram with a filtered hologram [1] containing only the virtual image frequencies [the inverse Fourier transform of the filtered spectrum defined by the area inside the window delimitated by manually drawn white lines of Fig. 2(c) . (This filtering operation can be easily automated)]:
with the filtered hologram written as:
Equations 5 and Eq. 8 show that the term W O 0 − W R , describing aberrations, is propagated into the reconstruction plane. The key point of our method is to compensate for the aberrations in the hologram plane with the introduced Γ H RCH array defined as a Reference Conjugated Hologram. This can be achieved by recording a hologram corresponding to a blank image, e.g. an experimental configuration without the presence of any specimen [ Fig. 2(b) ]. In reflection configuration it can be achieved by using a mirror or a flat area of the specimen holder and in transmission configuration the specimen (here the step of the USAF test target) can be moved out of the field of view. This blank hologram is filtered, (in this case manually but an automated procedure has also been defined to suppress user intervention) to retain only the virtual image [ Fig. 2(d) ]:
Thus, we define Γ H RCH as the conjugated phase of Eq. 9:
The multiplication of Γ H RCH with a filtered hologram recorded with a sample (Eq. 8) results in a suppression of the aberration terms:
Equation 7 is therefore a propagation of a plane wave modulated by the phase delay induced by the specimen, without aberrations terms. Figure 3 presents the reconstruction in CF. (a) shows the reconstruction performed with tilt compensation in the hologram plane (H plane) by centering the filtered spectrum of Fig. 2(c) . The compensation for the aberrations is performed in the image plane by inserting a NPL defined as a 2D standard polynomial and computed with the fitting procedure detailed in Ref. [8] . We notice that the USAF steps are distorted in amplitude and phase and reveal a non-compensated image distortion. This distortion results from the propagation of phase aberrations from the hologram plane to the image plane. These phase aberrations are partially converted into image distortion during the propagation. Moreover, phase aberrations in the image plane are not totally compensated due to an insufficient polynomial order of the NPL (in this case a polynomial of order 7). On the other hand, Fig. 3(b) shows that the RCH method compensates totally for the phase aberrations in the hologram and image planes and almost completely for the image distortion. The distortion compensation is not complete because the assumption about the lack of amplitude aberration and image distortion in the hologram plane is not achieved. Indeed, the aberrations are important and therefore the object wave propagation distance from the lens ball pupil plane to the CCD plane cannot be neglected. Nevertheless a complete distortion compensation is possible by inserting, in addition to the NPL defined by the RCH method, a second NPL in the hologram plane adjusted manually to minimize the image distortion in image plane as presented in Ref. [9] .
Self-RCH
The drawback of the RCH method is that it requires a reference hologram, and also assumes that the specimen does not introduce phase aberrations. In this section, we propose a method to circumvent those drawbacks, by using the specimen's hologram itself to generate a reference. Let us assume that the object is smooth enough (i.e. does not contains abrupt edges such as the steps of USAF test target), we will use the hologram of a Trypanosoma Brucei recorded in a transmission setup configuration as an example [ Fig. 4(a) ]. Let us assume that only reduced aberrations are introduced, in particular a small defocus aberration in the hologram plane to avoid a spreading out of the virtual image frequencies. This is achieved by introducing a lens (RL in Fig. 1 ) that physically compensates for the curvature induced by the MO. Since the information of the details of the sample have higher frequencies than the aberrations (contained in the central frequency), two different spatial frequency filters are now computed automatically. First, the center of the two different circles defining the spatial frequencies filters [ Fig. 4(b) ] is defined by the computed position of the amplitude spectrum maximum. Then, the specimen filtered hologram I F H and the reference filtered hologram I larger green circle (radius r s ) and the small white circle (radius r R ). The operator calibrates the circle radii only once: r s is defined to suppress the unwanted orders (real image, zero order, parasitic interference) and to keep a maximum of specimen virtual image frequencies; r R is defined to be as small as possible, but sufficiently large to compensate for the aberrations. In our case, this calibration gives the radii r s = 80 pixels and r R = 10 pixels. It should be noticed, that the low frequencies of the specimen contained in the small radius are therefore lost but as presented in the Fig. 5 , this effect can be neglected. Figure 5(a) is a movie made of 3D plots from phase images, reconstructed from a sequence of holograms recorded at 20 frames per second. The surface around the specimen is not perfectly constant due to different noise sources such as parasitic interferences, movements of the liquid containing the specimen or defects of flatness of the specimen holder. The spatial phase noise level due to these contributions is computed using the standard deviation on the entire area around the specimen. The value obtained using this sample is about 2.7 degrees. The movement of the two unicellular animals are clearly visible, in particular the movements of the tails inside the ellipse drawn at the beginning of the movie. 
Conclusion
We presented in this paper a simple calibration method called Reference Conjugated Hologram, which allows a complete aberration compensation for the phase aberrations and image distortion through the recording of a reference hologram . Furthermore, for specimens without abrupt edges, we demonstrated that the specimen hologram itself can be used to calibrate the DHM setup. The axial phase resolution is evaluated on a sequence of a unicellular animal (Trypanosoma Brucei) by measuring standard deviation of the phase around the specimen smaller than 3 degrees. The RCH and self-RCH methods demonstrates that an appropriate numerical hologram processing performed in the reconstruction procedure allows obtaining high quality phase image despite the use of low-cost optics presenting aberrations.
